H I G H L I G H T S
• Exposure activity ratio approach was used to screen contaminants in source water.
• Organic compounds occurred as complex mixtures of 10 or more at multiple sites.
• toxEval was used to rapidly analyze and screen environmental monitoring data.
• Exposure-activity ratios were observed for chemicals without water quality benchmarks.
• Water quality impacts were observed downstream from a wastewater disposal facility.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
In the United States, 40,655 of the 86,228 (47%) chemicals in the Toxic Substances Control Act inventory are currently in commerce (GAO, 2019; . Many of the chemicals in commerce lack toxicity information for evaluating their safety and have been the driver for considering new risk assessment approaches (Judson et al., 2009; Villeneuve et al., 2019) . The lack of toxicity information is exacerbated by organic waste compounds (OWCs) that can enter surface waters through regulated and unregulated discharges, combined sewer overflows, stormwater runoff, accidental spills, and leaking septicconveyance systems on a daily basis (Baldwin et al., 2016; Foreman et al., 2015; Orem et al., 2017; Rogers, 2016) . To overcome the extensive gap in up-to-date toxicity information, modern technologies such as high-throughput toxicity testing are shifting the reliance on wholeanimal toxicity testing towards greater use of in vitro bioassays (Schroeder et al., 2016; Villeneuve et al., 2019) .
Development of high-throughput toxicity testing has led to the expansion of biological effects data for an extensive range of chemicals. For example, the U.S. Environmental Protection Agency's (EPA) ToxCast research program has expanded coverage on N9000 chemicals and information on approximately 1000 assay end points (US EPA, 2016a). Using automated chemical screening approaches, such as highthroughput screening (HTS) assays, living cells or isolated proteins are exposed to chemicals in a standardized manner. For each assay, chemicals are tested using a consistent dose-response design and this information is used to determine point of departure estimates, such as the chemical-specific half-maximal activity concentration (AC50) or activity concentration at cutoff (ACC) for each chemical−assay combination (Blackwell et al., 2017) . Many of the chemicals that have been studied include industrial and environmentally relevant chemicals for which traditional human health or ecological effects data are lacking (Blackwell et al., 2017) . While several studies have generally viewed the feasibility of HTS of environmental chemicals to be successful Kleinstreuer et al., 2014; Leung et al., 2016) , the techniques to process and identify insights from large, complex toxicity databases still remains a significant challenge facing the toxicology community (Benigni, 2013; Rovida et al., 2015; Shah and Greene, 2014; Zhu et al., 2014) .
To rapidly process and identify insights from large chemical toxicity databases, new tools and approaches are being developed. Exposureactivity ratio (EAR) approaches (Becker et al., 2015; Blackwell et al., 2017) using the ToxCast database have demonstrated how HTS data can be applied as a standardized method of integrating chemical occurrence and biological effects data for the prioritization of environmental monitoring data. The process of integrating environmental monitoring datasets with ToxCast has been streamlined with the development of toxEval. toxEval, a bioeffects monitoring software tool, allows users to rapidly analyze and screen environmental monitoring data for potential adverse biological effects . The present work applies a ToxCast-based EAR approach in combination with screening water quality benchmarks and potential endocrine disrupting chemicals (EDCs) to a study focused on two primary objectives: (1) screen, characterize, and prioritize OWCs and other contaminants across streams within the Wolf Creek watershed, and (2) identify possible areas of concern (AOCs) based upon our evaluation. The Wolf Creek watershed in West Virginia is a drinking water source and a unique area because the first documented water quality impacts from UOG wastewater disposal activities occurred in the headwaters of Wolf Creek . It provides an ideal location to evaluate OWCs using an EAR approach and toxEval as a rapid bioeffects screening tool. This study was part of an ongoing effort to monitor water quality impacts from activities at a UOG wastewater disposal facility Kassotis et al., 2016; Orem et al., 2017) in the headwaters of Wolf Creek.
Materials and methods
Site description
Wolf Creek is a second-order stream that drains approximately 4430 ha into the lower reaches of the New River (Fig. 1) . The land cover is predominantly forested (75%), followed by grass/pasture/agriculture (17%), barren/developed/roads (7%), and water/wetlands (1%) (Strager, 2011; Tables S1 & S2) . Wolf Creek flows approximately 18 km from Oak Hill through Fayetteville and into the New River at Fayette Station rapid, a popular recreational area (Lukacs et al., 2011 (West Virginia American Water, 2016) . A requirement of Source Water Protection Plan submittals is to identify all potential significant contaminant sources located within the zone of critical concern (ZCC) and the zone of peripheral concern (ZPC). The ZCC generally extends upstream of a public water intake for the length that water in that stream can travel over a five-hour period, and 1.6 km downstream. The ZPC generally extends upstream of a public water intake for the length that water in that stream can travel over a ten-hour period, and 1.6 km downstream. Both zones are buffered 152 m from the center of the stream. Portions of the ZCC extend into the Wolf Creek watershed, and the ZPC covers all streams within the Wolf Creek watershed (West Virginia American Water, 2016) . Geographic Information System (GIS) shapefiles of potential contaminant sources were obtained from the West Virginia Bureau for Public Health (Table S3 ) and were analyzed within the drainage boundary of the Wolf Creek watershed. Between the headwaters and the mouth of Wolf Creek, a diverse range of potential contaminant sources have been identified including legacy mining, UOG wastewater disposal, wastewater treatment plant sewage outlets, aboveground storage tanks with chemicals, and numerous National Pollutant Discharge Elimination System (NPDES) outlets ( Fig. 1 ; Table S1 ). Failing onsite septic systems and leaking wastewater infrastructure have also been documented throughout the Wolf Creek watershed (Hansen et al., 2014; Lukacs et al., 2011) . Detailed GIS methods are described in the Supplemental Information (SI) Methods.
Mining activities within the Wolf Creek watershed include areas that have been surface mined, underground mined, and used for coal refuse disposal. Water quality has been severely degraded by acid mine drainage (AMD) from the Summerlee abandoned mine land site (Fig. 1) , and the Town of Fayetteville deemed Wolf Creek unsuitable as their primary public water source when the state identified water quality impairments in 2002 (Hansen et al., 2014) . Wolf Creek also supported trout, but water quality impairments resulted in the West Virginia Department of Natural Resources to remove Wolf Creek from its trout stocking list (Hansen et al., 2014) . The mainstem of Wolf Creek and some of its tributaries are impaired by high levels of iron, aluminum, fecal coliform bacteria, and low pH (Hansen et al., 2014) . Additionally, organic enrichment and sedimentation have resulted in biological impairments (Hansen et al., 2014) . More recently, impacts from UOG wastewater disposal activities were documented Kassotis et al., 2016; Orem et al., 2017) .
Sample collection and analysis
To ensure the quality of water samples and prevent contamination, numerous quality assurance/quality control (QA/QC) procedures were followed during sampling. Before sampling field equipment was rigorously cleaned, and between sampling sites field equipment was cleaned/sprayed with clean, deionized water. Disposable gloves were worn during the entire process, and were changed as necessary and between sites. QA/QC water samples were collected at Site 2, including a duplicate and blank sample (Table S4 ). The field equipment blank was prepared with deionized water and was preserved as required for each analyte. The field duplicate was collected using the same methods as required for each analyte. Grab samples were collected and processed in a manner consistent with minimal contamination. This included cleaning of equipment before fieldwork and between sites, and changing disposable gloves as necessary and between sites.
From September [18] [19] [20] 2016 , approximately 1.18 in. of rain was observed in the region, as reported by the Beckley, Raleigh County Memorial Airport (NOAA, 2016 (Fig. 1) . The reference site is within the Lower New River drainage and was recommended by the West Virginia Department of Environmental Protection (WVDEP) Watershed Assessment Branch. Buffalo Creek (Site 11) was chosen as the reference drainage because it was characterized as having minimal human impact and was within close proximity to Wolf Creek. Field measurements of dissolved oxygen, oxidation-reduction potential, pH, specific conductance, stream flow, and water temperature were recorded in the field using a lab calibrated YSI instrument (YSI Pro Plus multiparameter meter, YSI, Inc., Yellow Springs, OH). At sites with adequate water depth, stream flow rates (velocity ft/s) were recorded in the field using an OTT MF Pro Water Flow Meter (OTT Hydromet Inc., Kempten, Germany). Wetted width was recorded as the wetted stream width during the time of sampling. Surface water grab samples were collected from the approximate center of the stream for analysis of trace OWCs, anions, cations, and trace metals. Glass bottles were used for the collection of OWCs and high-density polyethylene (HDPE) bottles were used for the collection of all other samples. Organic samples were chilled at 4°C, shipped overnight to the USGS National Water Quality Laboratory (NWQL) in Denver Colorado, and analyzed using Schedule 4433, which targets 69 OWCs typically found in domestic and industrial wastewater (Table S5) . Trace metal samples were preserved at pH = 2 with 1% v/v ultra-pure nitric acid (HNO 3 ). Anion, cation, and trace metal samples were chilled at 4°C and delivered to the Appalachian State University Ecotoxicology Lab in Boone, North Carolina for analysis. Detailed analytical methods are further described in SI Methods. All water quality data are presented in SI Tables S4 and S6 are also available through a USGS data release (Rose et al., 2018) .
Screening potential chemical contaminants 2.3.1. Exposure activity ratios
Several screening tools were used to evaluate potential adverse biological effects within the Wolf Creek watershed including EARs, water quality benchmarks and toxicity quotients, and potential EDCs. EARs were used as the primary method of screening OWCs in surface water samples for potential toxicity. Prior to field sampling, the 69 OWCs in Schedule 4433 were cross-referenced in ToxCast (US EPA, 2018) using chemical abstract service (CAS) numbers, which resulted in a match of 62 chemicals being identified (Table S5 ). The CAS numbers of the 62 matched chemicals were used in toxEval to process environmental monitoring datasets and prioritize EARs. An EAR is the quotient of the environmental concentration divided by the activity concentration at cutoff (ACC) (Eq. (1)).
The ACC is a point of departure estimate used in EAR calculations, and estimates the chemical concentration at which a defined cutoff value is achieved within an assay (Blackwell et al., 2017; Filer et al., 2017) . The activity cutoff is an assay-specific metric determined as a multiplier of the baseline median absolute deviation of measured activity in the assay. The derivation of this metric is more thoroughly described in other studies (Filer et al., 2017; Judson et al., 2010) . Because this metric is less prone to violating assumptions underlying relative potency estimation compared to using the half-maximal activity concentration (AC50), its use has been preferred in recent applications of ToxCast data (Blackwell et al., 2017; Fay et al., 2018) . For this reason, the ACC (parameter name "modl_acc" in the ToxCast database) was used as the final end point for comparison against water quality data.
toxEval was used to calculate EARs (Eq. (1)) for each detected environmental chemical (Table S7 ). The CAS number of each detected chemical was used to reference ACC values from dose-response concentration models published in ToxCast. toxEval allows the user to establish an EAR threshold to help screen and prioritize chemicals of concern for further investigation. As an initial screen of detected OWCs, we selected an EAR = 0.001 as a conservative (protective) effects-screening threshold. Threshold exceedances, called EAR "hits", are not necessarily indicative of a hazard, but are an indication of the potential for adverse biological effects. To illustrate a sense of scale, it has been shown that an EAR ≥1 typically indicates that a chemical is present at a high enough concentration to trigger the observed biological activity (Schroeder et al., 2016) , whereas an EAR ≤1 suggests proportionately lower probability of biological activity (Bradley et al., 2018) . However, this over simplification does not account for other processes such as absorption, distribution, metabolism, and elimination that control bioavailability within the organism. Previous studies (Blackwell et al., 2017) established an EAR screening threshold by focusing on EARs that represented the upper 10% of EAR values, while others (Bradley et al., 2019) have used a conservative effects-screening threshold defined by an EAR = 0.001. In either case, caution should be used in establishing a predefined EAR screening threshold without first reviewing the range of EAR responses in a dataset.
Many of the same QA considerations used by Blackwell et al. (2017) were used as guidelines in this study including: excluding the platforms Apredica and Bioseek because they largely target nonspecific endpoints, removing Attagene assays reporting in the "loss" direction and Novascreen assays reporting in the "gain" direction from the final EAR results, as these platforms are not optimized or designed to report for the given assay direction, and censoring chemical−assay pairs from the final data set using ToxCast data quality flags that indicated false positives (data with flag identifications 6, 7, 10, 11, 15, and 17 were removed; Table S8 ). Chemicals with abnormal dose-response curves were excluded (Table S9) , which primarily consisted of unflagged false positives that were not recognized by ToxCast data quality flags. For more information on interpreting ToxCast dose-response curves and data quality, Ryan (2017) produced a technical white paper in consultation with American Chemistry Council's Computational Profiling Work Group.
Detected OWCs and EAR hits were further characterized by chemical class. Many of the OWCs have multiple uses, but for the purposes of this study, OWCs were grouped into 15 primary chemical classes: antimicrobial disinfectants, antioxidants, detergent metabolites, dyes and pigments, fire retardants, flavors and fragrances, fuels, herbicides, insecticides, miscellaneous, nonprescription drugs (human), PAHs, plasticizers, solvents, and sterols (Table S5 ). These classes and methods have been used in previous studies (Baldwin et al., 2013 (Baldwin et al., , 2016 , originally based on tables developed by Sullivan et al. (2005) .
Water quality benchmarks and inorganic chemical signatures
To support OWC screening and prioritization, particularly at sites where EARs were below the screening threshold, chemical occurrence data were compared to water quality benchmarks and inorganic chemical signatures. In previous studies, Baldwin and others (Baldwin et al., 2013 (Baldwin et al., , 2016 ) created a table of water quality benchmarks for acute and chronic exposure to aquatic life that were compiled from a variety of sources, including the U.S. EPA (Berry et al., 2003; US EPA, 1996 , 2006 , 2014 , 2015a , 2016b , the National Oceanic and Atmospheric Administration (Buchman, 2008) , Oak Ridge National Laboratory (Suter and Tsao, 1996) , and the Canadian Council of Ministers of the Environment (CCME, 2015). This table was expanded here as SI Table S10 to also include water quality criteria for human health (US EPA, 2015b , 2016c West Virginia Department of Environmental Protection, 2016) . From the 69 OWCs in Schedule 4433, 28 chemicals were identified as having an aquatic toxicity benchmark, and 10 chemicals were identified as having water quality criteria for human health (Table S10) . Toxicity quotients (TQ) were computed by dividing the greatest measured concentration of a chemical at a particular site by the lowest known water quality benchmark for that chemical (Table S11) . A TQ ≥ 1 indicates a toxicity criterion exceedance and the potential for adverse biological effects. It should be noted that potential adverse biological effects can exist in TQs ≤ 1 caused by mixture effects with other chemicals and low dose effects (Liess et al., 2013; Vandenberg et al., 2012) . In addition to OWCs, 13 inorganic chemicals were reviewed for their potential to cause adverse biological effects to aquatic life and human health (Table S12) .
Specific conductance, pH, and inorganic chemical signatures were used as indicators of UOG wastewater and acid mine drainage (AMD), as well as documenting water quality criteria exceedances. Brantley et al. (2014) and Akob et al. (2016) have demonstrated that the combination of Ba 2+ , Br − , Cl − , and Sr can function as a local tracer of UOG wastewater impacts, and this approach was used to characterize surface waters downstream of an UOG wastewater disposal facility at Site 2. In waters with documented AMD impacts (Hansen et al., 2014; Larson et al., 2014a Larson et al., , 2014b , the combination of Al, Fe, Mn, and SO 4 2− were used to characterize surface waters downstream of an AMD source at Site 5.
Endocrine disrupting chemicals
The Endocrine Disruption Exchange (TEDX) is a nonprofit research institute that identifies chemicals that have shown evidence of endocrine disruption in scientific research. Endocrine disrupting chemicals (EDCs) occur both naturally and synthetically, and refer to exogenous chemicals that can interfere with any aspect of hormone action . Chemicals are evaluated by searching the publicly available scientific literature and identifying peer-reviewed research that has shown effects on endocrine signaling (TEDX, 2018a). The scientific literature is maintained in a searchable database (TEDX, 2018b) of potential endocrine disruptors, defined as chemicals with at least one study demonstrating endocrine disrupting properties. Chemicals in the TEDX database can be searched by chemical name or CAS number and filtered by their source or use. Information is obtained from several sources including the Hazardous Substances Data Bank, Haz-Map, the Household Products Database, PubChem, US EPA Agency for Toxic Substances and Disease Registry (ATSDR), Chemical and Product Categories database, the Compendium of Pesticide Common Names, PAN pesticide database, manufacturer information, primary peer-reviewed literature, and patent information. To date, TEDX has identified 1484 potential EDCs (TEDX, 2018a).
There are several ways to assess the endocrine disrupting activities of environmental contaminants, as demonstrated by a recent study in the Wolf Creek Watershed by Kassotis et al. (2016) . The approach described here demonstrates a preliminary screening technique to identify potential EDCs for further investigation. Using CAS numbers, 39 chemicals from Schedule 4433 were identified as potential EDCs in the TEDX List of Potential Endocrine Disruptors database (TEDX, 2018a) . This information was used on a site-by-site basis to cross reference detected OWCs and support prioritization of chemicals and AOCs.
Results
Chemical occurrence summary
Understanding the detection frequency, magnitude, and spatial distribution of OWCs are important steps towards prioritizing chemicals of concern. Approximately 33 of 69 (48%) distinct OWCs were detected at least once in waters sampled from the Wolf Creek watershed. The most frequently detected chemicals in the watershed, occurring in at least 4 of 10 (40%) samples from at least one site, were bisphenol A (BPA; antioxidants), camphor (flavors/fragrances), indole (flavors/fragrances), N, N-diethyl-meta-toluamide (DEET; insecticides), methyl salicylate (miscellaneous), isophorone (solvent), and cholesterol (sterols) ( Table 1) . From the most frequently detected chemicals, BPA, indole, and methyl salicylate are documented EDCs (Benísek et al., 2008; Kassotis et al., 2015; Zhang et al., 2012) . One or more OWCs were detected in 9 of 10 (90%) samples collected in Wolf Creek. There were no OWCs detected at Site 10 near the mouth of Wolf Creek, or at Site 11 near the mouth of Buffalo Creek (reference drainage). Within the Wolf Creek watershed OWCs were generally observed at low concentrations. Total OWC sample concentrations had a mean of 1.28 μg/L and a median of 0.729. However, mixtures of ten or more chemicals were detected at Site 6 (19 OWCs), Site 4 (18 OWCs), and Site 3 (12 OWCs). Even at low concentrations, it has been shown that the synergistic effects of multiple OWCs can result in adverse biological effects (Silva et al., 2002; Vandenberg et al., 2012; Walter et al., 2002) . The highest total concentration of OWCs was observed at Site 4 (6.62 μg/L), collected immediately downstream of a wastewater treatment outlet, and Site 6 (1.81 μg/L), collected immediately downstream from a large shopping area. Wastewater discharges can be a common source for anthropogenic OWCs, including disinfection by-products, manufacturing additives, personal care and domestic-use products, and plant or animal derived Table 1 Occurrence of detected organic waste compounds (OWCs) in the Wolf Creek watershed per site, potential endocrine disrupting chemical (EDC; yes denotes detection and listing in The Endocrine Disruption Exchange database), exposure-activity ratio (EAR) hit count above screening threshold (0.001), aquatic life (Aq. Life) water quality exceedance count, and ambient water quality criteria (AWQC) exceedance count. Maximum (Max.) and median (MEd.) concentrations are reported in μg/L. DL= detection limit. *2-Column fitting.
Chemical Class
Organic (Kingsbury et al., 2008) . Runoff from parking lot surfaces can carry coal-tar pavement sealant to receiving waters and be a primary source of PAHs, resulting in adverse effects to benthic organisms (Baldwin et al., 2017) .
Exposure activity ratio screening 3.2.1. EAR site prioritization
For OWCs analyzed in this study, 62 of 69 (90%) chemicals from Schedule 4433 were identified in ToxCast and 33 of the 62 (53%) chemicals were detected in Wolf Creek. The EAR approach can be used to estimate the integrated effects of organic contaminant mixtures by summing individual contaminant EARS, providing a site-specific cumulative EAR (Blackwell et al., 2017; Schroeder et al., 2016) . As an initial screen of the chemical occurrence data, a summation of all EARs per site were calculated (Table S13) . Sites 2 and 3 were identified as having the highest cumulative EAR mixture value, followed by Site 1 (Fig. 2 ; Table 2 ). The cumulative EAR mixture values at Sites 1-3 were 0.12, 0.24, and 0.24 respectively (Table 2 ). In addition, Sites 1-3 also exhibited the greatest number of EAR hits per site, 18, 25, and 24 respectively (Table 2) . Site 1 is upstream of an UOG wastewater disposal facility, and downstream from an area with previous surface mining (Fig. 1) . At Site 1, BPA resulted in 18 EAR hits, with 0.03 being the highest EAR. This suggests that there is a possible contamination source upstream of the UOG wastewater disposal facility. Possible uses of BPA include manufacturing polycarbonate resins, antioxidants, and flame retardants (Focazio et al., 2008 ; Table S5 ), but the source is unknown. Site 2 is downstream of an UOG wastewater disposal facility with documented water quality impacts Kassotis et al., 2016; Orem et al., 2017) , where BPA and pentachlorophenol exhibited EAR values of 0.05 and 0.002, respectively. BPA has been identified in hydraulic fracturing fluids according to data received from oil and gas exploration and production companies (US EPA, 2012), and is known to be an estrogen receptor agonist (Kassotis et al., 2015) . Pentachlorophenol is a widespread environmental pollutant commonly used as a pesticide and disinfectant, and known to effect reproductive and metabolic hormone function (Rawlings et al., 1998) . The UOG wastewater disposal facility could be a possible source of BPA and pentachlorophenol at Site 2. Site 3 is located 0.6 km downstream from Site 2 and water samples were collected directly below an NPDES outlet from an auto recycling facility. At Site 3, BPA resulted in 21 EAR hits, with 0.06 being the highest EAR, and 4-cumylphenol resulted in one EAR hit at 0.001. 4-cumylphenol is a nonionic detergent metabolite that is present in cleaners and sealers (Morace, 2012) . The auto recycling facility could be a possible source of 4-cumylphenol and BPA at Site 3. As a result of the cumulative EAR values at Sites 1-3, the potential for cumulative effects of mixed organic exposures, and undetermined sources, further investigation at Sites 1-3 is warranted.
EAR chemical prioritization
EAR calculations can also be used to prioritize individual chemicals for monitoring or impact. In this approach, the maximum concentrations for each chemical were used to calculate EARs (Table S13) . From the chemical occurrence data, 7 of 33 (21%) detected chemicals were identified in one or more assays. In the current study, an EAR N0.001 was used as a conservative threshold to screen potential chemicals of concern. BPA had the highest EAR value of 0.06 (at maximum concentration 0.28 μg/L) and the greatest number of EARs N0.001 (73). The constitutive androstane receptor (CAR) antagonist assay resulted in the greatest EAR for BPA. The CAR is a nuclear receptor that regulates xenobiotic metabolism, including detoxification enzymes and transporters in the liver and intestine (Basketter and Kimber, 2010) . In total, six additional chemicals have one or more EARs N0.001 including 4-cumylphenol, benzophenone, caffeine, methyl salicylate, pentachlorophenol, and tris(2-butoxyethyl) phosphate. Tris(2-butoxyethyl) phosphate, a fire retardant, shows the greatest activity in the "ATG_PXRE_CIS_up" assay. The pregnane X receptor (PXR) is a xenobiotic and steroid sensing nuclear receptor and regulates xenobiotic metabolism through transcription of cyctochrome P450. Comparison of elevated EAR values with EDC literature was used as a complementary approach to further prioritize individual chemicals. Endocrine disruption research on flame retardants demonstrated that Tris(2-butoxyethyl) phosphate displayed PXR agonistic activity, which may have the potential for endocrine disrupting effects (Kojima et al., 2013) .
Water quality screening
Water quality benchmarks
To enhance screening and prioritization, particularly at sites where EARs were below the screening threshold, chemical occurrence data were compared to water quality benchmarks. Pentachlorophenol, anthracene, and bis(2-ethylhexyl) phthalate concentrations exceeded water quality criteria for aquatic or human health (Table S11) . At Site 2, pentachlorophenol measured 0.291 μg/L and exceeded the ambient water quality criteria of 0.03 μg/L established by the EPA. Possible uses of pentachlorophenol include pesticides or fungicides (Rawlings et al., 1998) , but the source is unknown. At Sites 3 and 4, anthracene (PAH) measured 0.0138 μg/L and 0.0157 μg/L respectively, and exceeded an aquatic water quality benchmark of 0.012 μg/L established by the Canadian Council of Ministers of the Environment (CCME, 2015; Table S10 ). Possible uses of anthracene include wood preservative; component of tar, diesel, and crude oil; or combustion product (Lorah et al., 2008) . Upstream from Sites 3 and 4, seven NPDES outlets and one UOG wastewater disposal (underground injection control) facility were identified (Table S1 ) and could be possible sources of anthracene. At Site 8, bis (2-ethylhexyl) phthalate, a plasticizer, measured 0.42 μg/L and exceeded the ambient water quality criteria of 0.32 μg/L established by the EPA, as well as an aquatic water quality benchmark of 0.3 μg/L established by the National Oceanic and Atmospheric Administration (Buchman, 2008;  Table S10 ). Possible uses of bis(2-ethylhexyl) phthalate include plasticizers for polymers and resins, and a major component of vinyl (Lorah et al., 2008) , but sources of this compound are less clear. Using this approach, bis(2-ethylhexyl) phthalate and anthracene were identified using water quality benchmarks even though they were below the EAR threshold that was used in this study (0.001).
Inorganic water quality criteria exceedances were primarily concentrated in the headwaters at Sites 1-5 (Table 2) , which has a history of extractive land use including mining and oil and gas (Fig. 1) . Aquatic toxicity and drinking water exceedances were most notable at Sites 2 and 5, with eight exceedances at Site 2 and six exceedances at Site 5 (Table 2) . Site 2 was sampled below an UOG wastewater disposal facility, and constituents associated with UOG wastewater (Ba 2+ , Cl − ) exceeded water quality criteria for drinking water. Site 5 was sampled downstream of an AMD site, and constituents associated with AMD (Fe, Mn) exceeded water quality criteria for drinking water. At Site 10, specific conductance was elevated (562 μS/cm, Table S4 ) and the chronic aquatic water quality criteria for lead (0.0025 mg/L) was exceeded. In addition, the chronic aquatic water quality criteria for lead was exceeded at Sites 1-5, and 11, which may be explained by widespread mining practices in the area (Larson et al., 2014a) . The minerals galena, clausthalite, and pyrite are commonly found in coal and contain lead (Finkelman, 1988) .
Inorganic chemical signatures
Samples collected from Site 2, located downstream from an UOG wastewater disposal facility, had clear differences in chemistry with respect to upstream samples collected at Site 1. Specific conductance measured at Site 2 was 10× higher (1018 μS/cm) than Site 1 (97 μS/cm), and 8× higher than the reference stream at Site 11 (123 μS/cm). Water samples at Site 2 also had elevated concentrations of several constituents (Ba by 15×, Br − by 17×, Cl − by 485×, and Sr by 22×. These findings are consistent with previous studies that sampled in the month of September and indicate that downstream waters are still being impacted from nearby UOG wastewater disposal operations. AMD from the Summerlee Abandoned Mine Land site has been characterized in several studies (Larson et al., 2014b (Larson et al., , 2014a (712 mg/L), and lowest pH (3.14) of any of the water samples (Table S4 ). These observations provide evidence that AMD is still impacting the headwaters of Wolf Creek.
Potential endocrine disrupting chemicals
To further support screening and prioritization, particularly at sites where EARs were below the screening threshold or lacked water quality criteria, chemical occurrence data were compared to TEDX List of Potential Endocrine Disruptors database (TEDX, 2018b) . Potential EDCs were detected at 9 of 10 sites in the Wolf Creek watershed (Table 2) , and 17 EDCs were identified from at least one site (Table 1) . Mixtures of two or more EDCs were observed at 8 of 10 sites, and a maximum of nine EDCs were observed at Site 6, followed by eight EDCs at Sites 3 and 4 (Table S14 ). Synergistic effects from compound mixtures have been observed in several EDC studies (Vajda et al., 2008; Vandenberg et al., 2012) and can have adverse biological effects even at low concentrations. Site 6 was sampled downstream of a large shopping center, and Table 2 Detection of organic waste compounds (OWCs) and total OWC concentration by site, exposure-activity ratio (EAR) hit count above screening threshold (0.001) and cumulative EAR mixture values by site, detection of endocrine disrupting compounds (EDCs) and total EDC concentration by site, and organic and inorganic water quality criteria exceedances by site. To clarify how results are reported, the Zone of Critical Concern (ZCC) is defined as sites (6-10) and the Zone of Peripheral Concern (ZPC) is defined as sites (1-5). *2-Column fitting. surface runoff from parking lots is commonly known to contain PAHs and many other contaminants (Baun et al., 2006) . Three PAHs were detected at Site 6 including fluoranthene, phenathrene, and pyrene. The most frequently detected EDCs were methyl salicylate (miscellaneous), BPA (antioxidant), indole (flavors/fragrances), tri(2-butoxyethyl) phosphate (fire retardant), pyrene (PAH), and fluoranthene (PAH) ( Table S14 ). In total, nine chemicals were identified as potential EDCs that were either below the EAR screening threshold or lacked water quality benchmarks (Table 1) . By using the List of Potential Endocrine Disruptors database, chemicals were further prioritized, and SI Table 14 identifies EDCs that warrant further investigation.
Watershed
3.5. Areas of concern 3.5.1. Source water protection: Zone of critical concern Wolf Creek is a tributary of the New River, a drinking water source for communities in Fayette County and an important recreation resource. Several screening tools were used to evaluate potential adverse biological effects within the Zone of Critical Concern (ZCC) and Zone of Peripheral Concern (ZPC) including EAR hits, water quality benchmarks, and potential EDCs (Table 2) . A portion of the ZCC for the New River Water Treatment System extends into the Wolf Creek watershed, and the ZPC covers all streams in the watershed (the ZPC overlaps the ZCC). To clarify how results are summarized, Sites 1-5 are located within the ZPC, and Sites 6-10 are located within the ZCC (Fig. 3) . Within the ZCC, 23 of 69 (33%) OWCs were detected that resulted in two EAR hits, one human health ambient water quality criteria exceedance, one aquatic chronic water quality criteria exceedance, and ten EDCs ( Table 2 ). The potential for adverse biological effects is greatest at Site 6, downstream from a large shopping area. Samples from Sites 8-10 had EAR values below the screening threshold and the data show a steady decline in OWC sample concentration after Site 6 ( Table 2) . Downstream of Site 8, Wolf Creek enters National Park Service lands, which may provide a barrier of protection from anthropogenic sources. At the mouth of Wolf Creek (Site 10), a popular recreation area, no OWCs were detected but lead exceeded the action level to protect drinking water, and also exceeded aquatic chronic water quality criteria. Due to low flow conditions during the time of sampling, House Branch, a tributary upstream from the mouth, was not flowing. House Branch contains a combined sewer overflow that discharges stormwater runoff and untreated sewage during heavy rain events (Hansen et al., 2014) . Combined sewer overflows have been shown to release contaminants such as pharmaceutical and personal care products, antimicrobial disinfectants, PAHs, organochlorine compounds, nutrients, and nonprescription drugs into receiving waters, adversely affecting water quality (Ellis, 2006; Phillips et al., 2012) . In addition, stormwater runoff from urban development can carry organic contaminants during rain events, and is one of the major causes of decreased water quality (Burant et al., 2018) . To better define the potential for adverse biological effects in the Wolf Creek watershed, it would be valuable to collect samples during baseflow conditions, stormwater runoff events, and combined sewer overflow events.
Source water protection: Zone of peripheral concern
All streams in the Wolf Creek watershed are within the ZPC (the ZPC overlaps the ZCC), but to eliminate redundancy in the results, we focus here on Sites 1-5. Within the ZPC, 25 of 69 (36%) OWCs were detected that resulted in 81 EAR hits, two aquatic chronic water quality criteria exceedances, one human health ambient water quality criteria exceedance, and 14 EDCs (Table 2 ). In addition, 17 inorganic water quality criteria exceedances were observed including one aquatic acute criteria, 10 aquatic chronic criteria, and six drinking water quality criteria (Table 2) . Data from the present study indicate that the potential for adverse biological effects is greatest at Site 2, followed by Sites 3, 1, 5, and 4 ( Fig. 2; Table 2 ). An examination of potential contaminant sources in the headwaters of Wolf Creek (Sites 1-5) show the presence of a wastewater treatment plant effluent discharge, seven industrial stormwater outlets, abandoned mine lands problem areas (59 ha), coal refuse impoundment (5 ha), legacy surface mining (13 ha), and an UOG wastewater disposal facility ( Fig. 1; Table S1 ). This study supports the previous work done by others Kassotis et al., 2016; Orem et al., 2017) and shows evidence of chemicals consistent with UOG wastewaters in surface waters collected immediately downstream from a UOG wastewater disposal facility. Downstream of the UOG wastewater disposal facility, low-level organic contamination in headwater Sites 2-4 showed elevated EAR cumulative mixture values, demonstrating the potential for adverse biological affects for organisms living in or near the stream. The combination of legacy mining and current UOG wastewater disposal practices in headwater drainages could result in cumulative impacts. Further work evaluating cumulative impacts at headwater sites could improve our understanding of the risks present to human health and aquatic life.
Discussion
Adverse outcome pathways
toxEval can also be used to help prioritize molecular targets and biological pathways that demonstrate biological activity in the chemical occurrence data. However, this approach was not used in the current study, as the primary focus was to screen sampling sites and prioritize chemicals for further investigation. It is important to reiterate that an EAR hit does not indicate a hazard, but is an indication that the potential for adverse biological effects is present. Ultimately, biological targets or pathways associated with particular EAR values need to be credibly linked to adverse outcomes that serve as verification that a hazard is present. The adverse outcome pathways (AOP) framework provides a means to link a perturbed biological target or pathway to end points of regulatory concern (Blackwell et al., 2017) . Identification of chemical initiators is the first step in the AOP conceptual framework (Organization for Economic Cooperation and Development, 2013). Once targets have been identified, the AOP-Knowledge Base (AOP-KB) can be queried for relevant AOPs (Society for Advancement of Adverse Outcome Pathways, 2018) and evaluated for the potential to adversely impact the development, growth, reproduction or survival of the organism being exposed (Schroeder et al., 2016) . However, a recognized limitation of the EAR approach using ToxCast data is the capability to link molecular endpoints to AOPs at the organism or population scale, most of which are largely unknown (Bradley et al., 2019; Conolly et al., 2017; Schroeder et al., 2016; Villeneuve et al., 2014) . In vitro to in vivo extrapolation models are still needed to better understand how pathway perturbations at the cell level translate to impacts for an intact organism (Villeneuve et al., 2019) . Further, models translating in vitro concentration-response values to equivalent in vivo environmental exposure concentrations have been proposed (Fischer et al., 2017; Wetmore et al., 2015) but are currently limited by available assay-specific parameters and in vitro toxicokinetic models. While currently limited, the AOP-KB is progressing, and the current framework underscores the challenge associated with linking biological activity to hazards.
Utility of the exposure-activity ratio-based approach
EARs have been used in this study and by others (Blackwell et al., 2017; DeCicco et al., 2018) to identify potential adverse biological effects in water resources, but in order to prioritize impacted sites or drinking water treatment needs, it is essential to identify all of the chemicals responsible for biological activity in the environmental sample. It is important to understand that the approach used in this study can only be used to assess the chemicals that were actually targeted and quantified at a given site and does not account for any unknown chemicals that may be present. Tang and Escher (2014) refer to these as "iceberg mixtures," an analogy comparing the "tip of the iceberg" as representing known (or detected) chemicals to the submerged portion of the iceberg representing unknown chemicals. By comparing iceberg mixtures with the biological effects of water samples, several studies have demonstrated that only a small fraction of the effect in most bioassays was explained by targeted, detected chemicals Neale et al., 2017; Tang and Escher, 2014) . Therefore, when analyzing environmental samples, an important consideration is using the full breadth of HTS effects-based in vitro assays to provide bioactivity information from the full sample matrix that can account for any unknown contaminants that may be present.
Conclusion
With N9000 chemicals in the ToxCast database, the "bioeffects surveillance" approach provides an estimate of the biological activity of an environmental sample across a broad range of pathways (Schroeder et al., 2016) , and can be an important tool for the initial identification of potential hazards. In addition, EAR-based predictions about the biological targets being affected can be used to follow up with validation studies to confirm biological effects from environmental contaminants. As HTS databases continue to grow and EAR approaches become more common, use of environmental monitoring tools, such as toxEval, will be integral to rapidly process and identify insights from large chemical toxicity databases.
In this study, we present an approach that takes advantage of HTS data and a new bioeffects screening tool, toxEval, to identify potential adverse biological effects in water. This approach can be used to screen potentially harmful chemicals in water resources, inform the prioritization of future monitoring and research, and ultimately improve the efficiency and effectiveness of watershed management activities. The application of EARs allowed our study to extend beyond traditional environmental monitoring methods to identify multiple sites that have the potential for adverse biological effects in the Wolf Creek watershed. Our screening results highlight the need for future monitoring and research, which have been prioritized using EARs, water quality benchmarks, and potential EDCs. Absent from the current and previous research is the investigation of contaminant transport and fate in ground water. Studying the transport and fate of injected UOG wastewater in ground water, monitoring chemicals disposed of by the UOG wastewater disposal facility, and further work identifying unknown contaminants or hazards that might be present could improve our spatial understanding of the contaminants throughout the watershed and the potential risk associated with different land use activities.
